introduction
Surfactant template mesoporous materials have potential applications in catalysis, separation, adsorption, and sensing, because of their high surface area, controllable pore size, and narrow pore size distribution with the additional properties of organic functions. 1, 2 The mesoporous structure is particularly useful for sensing applications, where short diffusion times and easy access of the target analyte towards the sensing species are required. 3 Regarding sensors, mesoporous materials have so far been mainly applied to electrodes 4, 5 and to quartz-crystalmicrobalance (QCM) 6, 7 sensors. Using a mesoporous silica host as a solid binding substrate has inherent advantages, such as optical transparency in the visible region, which also enables such silica-based materials to be promising optical sensor substrates. 8 Therefore, mesoporous materials have been applied as optical waveguides 9, 10 and for dye-doped optical 3, [11] [12] [13] sensors. As an example of a dye-doped optical sensor, Yan and coworkers prepared a sensor based on functionalized mesoporous silica, and detected H + and Cu 2+ ions using aqueous buffer solutions with the functionalized mesoporous silica suspended in powder form. 13 However, this report does not represent an optical sensor in a more strict way of speaking, since the application of a powdered material in the form of a suspension does not allow for reversible measurements or continuous monitoring of analyte concentrations in samples.
With regard to mesoporous thin films, the evaporation-inducedself-assembly (EISA) process, 14 which offers the advantage of an accurate control of the stoichiometry, is employed for the synthesis of functionalized mesoporous thin films. Some sensors fabricated by EISA have been shown to enable reversible and rapid measurements of pH 3, 12 and uranyl, 11 among others. As an example of a pH optode, Stucky and coworkers prepared optically clear thin mesoporous films with covalently attached fluorescein entities, and demonstrated rapid measurements of pH. 3 However, this optode responds to changes of the sample pH by fluorescent intensity changes at a single wavelength. The measurement repeatability of a single wavelength intensity based optode might suffer from changes of the indicator concentration caused by photobleaching, or by leaching of the indicator from the sensing film, as well as from fluctuations of the light-source intensity.
In our previous work, 15 we synthesized a H + -responsive fluoroionophore based on the boron-dipyrromethene fluorophore (KBH-01), and fabricated a pH glass optode by immobilizing KBH-01 on a porous glass support. The pH glass optode enabled to repeatedly determine accurate pH values by ratiometric signal processing. However, the response times were rather long (up to minutes), because of the time required for the diffusion-limited equilibration between the 1-mm thick glass support used as the optode substrate and the sample solution.
In this paper, we present a fast responding pH optode based on a silane coupling reagent modified KBH-01 (KBH-01-Si) immobilized to a mesoporous silica thin film by covalent bonding via a sol-gel grafting method. The resulting pH optode allows for a rapid determination of accurate pH values in aqueous sample solutions. In addition, the possibility to use a ratiometric signal results in significantly improved signal repeatability compared to sensors relying on fluorescence intensity changes at only a single wavelength. This paper describes the preparation and characterization of an optical pH-sensing device using a H + -responsive fluoroionophore based on boron-dipyrromethene, immobilized to a mesoporous silica thin film. The fluoroionophore substituted with a silane coupling agent (KBH-01-Si) was successfully synthesized, and a mesoporous silica thin film was fabricated by the evaporation-induced-self-assembly (EISA) process. A pH optode was fabricated by attaching KBH-01-Si to the mesoporous silica thin film by covalent bonding via a sol-gel grafting method. The resulting pH optode shows single-excitation, dual-emission ratiometric response in aqueous buffer solutions of varying pH values. The sensor response was found to be reversible in the pH range from below 0.8 to 4.2, and showed good repeatability. The response times for a 95% signal change (t95%) were calculated to be 27 ± 2 s (n = 5) for a sample change from pH 4.0 to 1.0, and 23 ± 2 s (n = 5) for reverse change from pH 1.0 to 4.0. These results indicate that the novel pH optode allows for accurate and rapid measurements of pH values. 
Reagents and instruments
All chemical reagents and solvents for synthesis and silica thin film preparation were purchased from commercial suppliers (Wako Pure Chemical, Tokyo Kasei Industry and Aldrich Chemical), and were used without further purification. The pH-responsive fluorophore KBH-01 was prepared as previously reported. 15 Glass slides were purchased from Matsunami Glass Ind., Ltd. (Osaka, Japan). Round-shaped glass discs (diameter, 3 cm; thickness, 3 mm) were purchased from Toshinriko Co. Ltd. (Chiba, Japan).
Buffer solutions were prepared in the pH range from 0.81 to 4.20 (0.2 M ionic strength). KCl was used for adapting the ionic strength of the respective buffer solutions to a constant value. Buffers in the pH range from 0.81 to 1.99 were prepared from HCl/KCl solutions and those in the pH range from 2.34 to 4.20 were prepared from citric acid/Na2HPO4 solutions. The pH values were verified using an IOL-50 ion-meter (DKK-TOA Corp., Tokyo, Japan) with a glass pH electrode.
1 H-NMR spectra were recorded on a 500-MHz ECA-500 (JEOL Ltd., Tokyo, Japan) or a 300-MHz Varian MVX-300 (Varian Inc., Palo Alto, CA) spectrometer at room temperature. All chemical shifts are relative to an internal standard of tetramethylsilane (δ = 0.0 ppm), and coupling constants are given in Hz. Matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectra were recorded on an Ultraflex TOF/TOF spectrometer (Bruker Daltonics, Billerica, MA) with 3,5-dimethoxy-4-hydroxycinnamic acid (SA) as matrix. Flash chromatography separation was undertaken using a YFLC-Al-560 chromatograph (Yamazen Co., Osaka, Japan). For the dip-coating of glass slides, a Micro Dip Coater (Eintesla, Inc., Japan) was used. Fourier transform infrared (FTIR) spectra were recorded on an FT/IR-660 Plus (JASCO, Tokyo, Japan). X-ray diffraction (XRD) patterns were recorded on a D8 ADVANCE (Bruker AXS Inc., Madison, WI) with Cu Kα radiation. Transmission electron microscopy (TEM) experiments were performed on a carbon-coated copper grid using a TECNAI F20 (FEI Co. Japan, Ltd., Tokyo, Japan) instrument. Film thickness was measured by a Dektak 3030 profiler (ULVAC, Inc., Tokyo, Japan). Fluorescence emission spectra were recorded on an F-4500 fluorophotometer (Hitachi Co., Tokyo, Japan) at 25 C by placing a mesoporous silica thin film coated glass slide diagonally inside a 1 cm × 1 cm plastic cell. The response times of the sensor in a continuous sample flow mode were recorded by placing a mesoporous silica thin-film coated round-shaped glass disc in a small-volume flow cell constructed in our laboratory. 16 Samples were delivered to the flow cell in a constant flow of 1 mL/min using a peristaltic pump SJ-1211H (ATTO Corp., Tokyo, Japan) system. Figure 1 shows the synthesis scheme for the preparation of the pH optode. To a solution of KBH-01 (55 mg, 0.14 mmol) and an excess of 3-isocyanatopropyl-triethoxysilane (over 0.14 mmol) in 15 ml of CH2Cl2 were added 100 mg triethylamine (TEA) and 10 mg 4-dimethylaminopyridine (DMAP), and the mixture was stirred for 48 h under reflux. CH2Cl2 and triethylamine were removed under reduced pressure. Hexane and ethyl acetate were added, and the precipitate was removed by filtration. The filtrate was concentrated, and purified by flash chromatography (silica gel, hexane/chloroform 1:1) to yield 18 mg (0.028 mmol, 20%) of the target compound KBH-01-Si shown in Fig. 1 as a dark purple solid. 1 H NMR: 
Synthesis of pH-sensing component KBH-01-Si
δ = 0.63 (t, -Si-CH2-, 2H, J = 8.1 Hz), 1.21 (t, -Si-(O-CH2-CH3)3, 9H, J = 7.1 Hz), 1.59 -1.67 (m, -Si-CH2-CH2-, 2H), 2.24 (s, -CH3, 3H), 2.49 (s, -CH3, 3H), 3.04 (s, -N-(CH3)2, 6H), 3.15 - 3.24 (m, -CO-NH-CH2-, 2H), 3.81 (q, -Si-(O-CH2-CH3)3,
Preparation of the pH optodes based on mesoporous silica thin films
Smaller glass slides of 38 × 13 mm size with a thickness of 0.8 -1.0 mm were cut from the original glass slides. Glass slides and round-shaped glass discs were cleaned in a piranha solution (concentrated H2SO4 and 33% aqueous H2O2 solution in a 3:1 ratio). They were then washed with deionized water and methanol, followed by drying in air.
For the preparation of the sol solution, 1.1 g Brij56 (C16H33(OCH2CH2)nOH, n ~10) was dissolved in a solution containing 4.9 g TEOS and 24 g ethanol. Finally, 2.5 g of 0.07 M HCl was added, and the solution was allowed to age for 1 h. The final molar composition for the TEOS:ethanol:water:HCl:Brij56 mixture was 1:23:5.9:0.0074:0.069.
The deposition was performed on glass slides by dip-coating at a constant withdrawal rate of 4.0 mm s -1 . After the films were dried in air for 2 days, the surfactant was removed by Soxhlet extraction in hot toluene for 12 h, followed by drying in air.
As shown in Fig. 1 , KBH-01-Si (0.3 mg) was dissolved in 50 ml of toluene and heated to 80 C with stirring. The mesoporous silica thin film covered glass slides or glass discs were immersed into the solution for 48 h. After washing with ethyl acetate, methanol and deionized water, the resulting pH optodes were stored in a pH 6.8 buffer solution at 4 C until use and between measurements. 
results and discussion

Characterization of mesoporous silica thin films
Cubic mesoporous silica films were prepared by the EISA method using the nonionic surfactant Brij56 as the template for pore formation. 17 A Soxhlet extraction method in hot toluene was applied to remove the Brij56 template. The FTIR spectra shown in Fig. 2 exhibit a significant reduction in the relative intensity of the -CH2-stretching bands (2855 and 2925 cm -1 ) after the extraction step, indicating an effective removal of Brij56 by Soxhlet extraction in hot toluene. Figure 3 shows 1D XRD patterns of the silica material of as-synthesized, after template extraction, and after grafting of KBH-01-Si. The 1D XRD pattern recorded after grafting of KBH-01-Si shows a strong reflection at a d-spacing of 42 Å and a weaker reflection at a d-spacing of 22 Å. The TEM image shown in Fig. 4 exhibits a mesoporous structure. Based on these results, it is most plausible that the pores are arranged in a body-centered cubic structure (was reported previously), 17 allowing the two reflections in the XRD pattern to be indexed as d110 and d220, respectively. The strong diffraction peaks after toluene extraction and the grafting of KBH-01-Si were shifted to a larger 2θ-value compared to the as-synthesized material incorporating the template. The d-spacing decreased from 53 to 44 and 42 Å after toluene extraction and the grafting of KBH-01-Si. This indicates the contraction of the film by condensation of the silica network. Such a contraction is also indicated by the change of the film thickness from approximately 400 nm to about 300 nm (data not shown) after toluene extraction and fluorophore grafting.
Response to pH in buffer solution
Figure 5(a) shows the fluorescence emission spectra of the pH optode based on KBH-01-Si immobilized to a mesoporous silica thin film by covalent bonds via the sol-gel grafting method. The peak of maximum fluorescence emission is gradually increasing and shifting from 545 to 540 nm with decreasing pH values. As described in our previous work, 15 KBH-01 can be regarded as an example of a donor-acceptor-type chromophoric system able to undergo photoinduced intramolecular charge transfer (ICT), with a dimethylaminophenyl residue acting as the π-electron donor and the boron-dipyrromethene core as the electron acceptor. The blue shift of 5 nm was found, as expected based on the ICT theory for fluoroionophores 18 upon increasing protonation, and can be assumed to be caused by a gradual weakening of the electron donating strength of the protonated dimethylamino group. Though an isoemissive point was not observed, a shoulder of the main peak located at 595 nm was quenched with decreasing pH values. Its appearance allows the ratiometric processing of the intensity data at two different wavelengths, which is a significant advantage over systems relying on the emission intensity of a single peak alone. The pH-dependent response curve shown in Fig. 5(b) was obtained by ratiometric signal processing of the main emission peak and the shoulder peak (emission intensities at 540 nm and at 595 nm). A sigmoidal fitting curve was applied. The dynamic measuring range of the pH optode was found to be from pH values below 0.8 to 4.2. This range is almost identical to that reported in our previous work. 15 
Signal repeatability and stability
To study the signal repeatability, the fluorescence emission response to pH of the identical optode was measured for three consecutive times.
All consecutive measurements were performed from high pH to low pH. As indicated by the error bars in Fig. 5(b) , small standard deviations (n = 3) of the fluorescence ratio at each pH value (e.g. relative standard deviation of 0.42% at pH 1.00, 0.42% at pH 1.80, and 0.43% at pH 2.89) were observed. This high repeatability clearly illustrates the advantage of the ratiometric signal processing. If the repeatability of the absolute emission intensity at a single wavelength (540 nm) was evaluated, significantly larger run-to-run deviations at each pH value (e.g. relative standard deviation of 4.29% at pH 1.00, 3.98% at pH 1.80, and 2.66% at pH 2.89) were found. Ratiometric signal processing is a very useful feature in terms of practical applications, since the self-calibrating ratiometric signal is mostly independent of the fluorophore concentration, and therefore not significantly influenced by photobleaching. Hence, this pH optode is better suited for long-term applications than systems relying solely on intensity measurements at a single emission wavelength. Furthermore, the ratiometric signal renders the pH optode insensitive to light-source intensity fluctuations.
In addition, leaching of the dye from the optode films was hardly observed between pH measurements. This stability is assumed to be due to the covalent immobilization of KBH-01-Si to the mesoprous silica thin film substrate. Wolfbeis and coworkers compared the leaching of aminofluorescein (AF) from sol-gel layers fabricated by chemical doping and by covalent immobilization. 19 In the case of chemical doping, some leaching of AF from the sensing layer is observed over prolonged periods. In contrast, in the case of covalent immobilization, AF did not leach any further after a 10 -20 h continuous exposure to buffer flow. This result indicates that the sol-gel grafting method applied in this study is useful for the immobilization of a dye to a mesoporous silica thin film and results in an optode of high durability based on a mesoporous silica thin film. Figure 6 shows the signal stability of the pH optode upon continuous light exposure (499 nm excitation light of the fluorescence spectrophotometer) under continuous flow of buffer (pH 2.50; 0.2 M ionic strength). A continuous decrease of the fluorescence emission intensity at a single wavelength (540 nm) was observed, and finally an overall decrease of 4.8% was recorded after 11 h. On the other hand, a decrease of the fluorescence emission intensity ratio (540 nm/595 nm) was hardly observed. An overall decrease of only 0.4% was recorded after 11 h. These results indicate that the ratiometric signal processing contributes to the signal stability of the device, which is available for long-term monitoring. Figure 7 shows the response of the pH optode upon alternate exposure to pH 4.0 and pH 1.0, 1.8, 2.9, and 1.4 in a continuous flow system. The response times for the pH optode were evaluated from the experimental data of Fig. 7 . The response times for a 95% signal change (t95%) were calculated to be 27 ± 2, 22 ± 2, 29 ± 5 and 25 ± 1 s (n = 5) from pH 4.0 to 1.0, 1.8, 2.9 and 1.4, and 23 ± 2, 20 ± 2, 23 ± 4 and 25 ± 2 s (n = 5) from pH 1.0, 1.8, 2.9 and 1.4 to 4.0. In the case of the changes from pH 4.0 to 2.9 and from pH 2.9 to 4.0, the noise level was relatively high compared to the observed fluorescence signal changes, and therefore an exact estimation of the response times was not possible. It has to be noted that these experimental data do not purely reflect the actual response times of the sensor, but are to some extent influenced by the measurement system, such as the flow speed (a constant flow of 1 mL/min was used in all experiments), the dead volume of the flow cell and its tubing, and the geometrical setup of the optode in the flow cell. For this reason, the response times reported above can be assumed to represent the maximum values, with the actual response of the sensor alone being shorter. We attribute the fast response times to the facts that the cubic mesoporous structure facilitates the diffusion of the analyte to the immobilized indicator, and that the low film thickness (~400 nm) guarantees short diffusion distances.
Response time to pH changes
In fact, mesoporous thin film based sensors have been reported to show shorter response times 3 than purely sol-gel based sensors. 19 The experimentally recorded response times are also faster than for optodes based on plasticized PVC as a substrate, which require up to minutes to establish an equilibrium. [20] [21] [22] On the other hand, optodes using a hydrogel matrix as the substrate show response times that are below 30 s; however, indicator leaching is clearly observed under continuous flow operation. 23 Finally, the present response times are shorter than in the case of our previously presented sensors 15, 24 using porous silica glass (thickness: 1 mm) as the substrate, which required 5 min or longer until equilibrium. Although it is not possible to separately state the degree of contribution of the two factors, it is obvious that both the mesoporous structure and the low film thickness contribute to the fast response times of the present optode.
Conclusions
A pH optode based on a fluoroionophore immobilized to a mesoporous silica thin film was successfully prepared, and showed rapid and repeatable ratiometric response to pH in aqueous sample solutions. In particular the combination of a mesoporous silica thin film with a fluorescent indicator showing ratiometric response towards the analyte has the potential to be applied to biological and medical diagnosis, and to environmental long-term monitoring, where fast and repeatable response is an important requirement.
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